BACKGROUND: The U.S. EPA's Endocrine Disruptor Screening Program (EDSP) screens and tests environmental chemicals for potential effects in estrogen, androgen, and thyroid hormone pathways, and it is one of the only regulatory programs designed around chemical mode of action. OBJECTIVES: This review describes the EDSP's use of adverse outcome pathway (AOP) and toxicity pathway frameworks to organize and integrate diverse biological data for evaluating the endocrine activity of chemicals. Using these frameworks helps to establish biologically plausible links between endocrine mechanisms and apical responses when those end points are not measured in the same assay. RESULTS: Pathway frameworks can facilitate a weight of evidence determination of a chemical's potential endocrine activity, identify data gaps, aid study design, direct assay development, and guide testing strategies. Pathway frameworks also can be used to evaluate the performance of computational approaches as alternatives for low-throughput and animal-based assays and predict downstream key events. In cases where computational methods can be validated based on performance, they may be considered as alternatives to specific assays or end points. CONCLUSIONS: A variety of biological systems affect apical end points used in regulatory risk assessments, and without mechanistic data, an endocrine mode of action cannot be determined. Because the EDSP was designed to consider mode of action, toxicity pathway and AOP concepts are a natural fit. Pathway frameworks have diverse applications to endocrine screening and testing. An estrogen pathway example is presented, and similar approaches are being used to evaluate alternative methods and develop predictive models for androgen and thyroid pathways. https://
Introduction
Many chemicals have the potential to interfere with normal endocrine functioning, which may lead to a variety of adverse outcomes including developmental deformities, impaired reproduction, and decreased survival. Potential adverse outcomes following exposure to endocrine-active substances have been the subject of intensive study and have been described in numerous research papers and reviews (e.g., Colborn and Clement 1992; Kavlock et al. 1996; WHO 2002 ; WHO/UNEP 2012; Hotchkiss et al. 2008; Soto and Sonnenschein 2010; Nohynek et al. 2013; Gore et al. 2015a) . Although most research studies focus on one endocrine pathway or on one part of one endocrine pathway, the endocrine system is inherently integrative and adaptive. Endocrine effects can vary enormously by the organ and time point examined, even within the same individual. Conclusions from various researchers or reviewers on endocrine disruption have sometimes been divergent or even contradictory, suggesting that our scientific understanding of the etiology of adverse outcomes in humans and wildlife through endocrine mechanisms is far from complete. Many organizations including the U.S. EPA, the National Institutes of Health (NIH), the Organisation for Economic Cooperation and Development (OECD), the World Health Organization (WHO), and the United Nations Environmental Programme (UNEP) have supported research, developed guidance, and published standardized test guidelines to evaluate endocrine disruption in humans and wildlife.
U.S. EPA's Endocrine Disruptor Screening Program
The U.S. EPA's Endocrine Disruptor Screening Program (EDSP) screens and tests chemicals to determine potential endocrine effects in humans and wildlife. The EDSP was established in 1998 following amendments to the Federal Food, Drug, and Cosmetic Act (FFDCA) and the Safe Drinking Water Act (SDWA), mandating the U.S. EPA to screen chemicals for potential estrogenic effects in humans and providing authority to include other endocrine effects (U.S. Congress 1996a Congress , 1996b . In response, the U.S. EPA convened the Endocrine Disruption Screening and Testing Advisory Committee (EDSTAC), consisting of regulatory, industry, and academic experts, to advise the agency on development and implementation of an endocrine disruptor screening program. The committee recommended expanding the scope of the EDSP to evaluate chemical effects on the androgen and thyroid pathways in wildlife and humans and to do so employing a two-tiered screening and testing strategy (EDSTAC 1998) .
The first tier of assays screens chemicals for potential activity in estrogen, androgen, and thyroid pathways in both sexes of several vertebrate taxa. The battery of 11 complementary assays includes five in vitro assays that provide mechanistic data and six short-term, in vivo assays including bioassays measuring changes in organ weights and assays conducted in organisms with functional neuroendocrine axes (Figure 1 ). Tier 1 assays were designed to maximize sensitivity; however, considering collective results from multiple complementary assays relevant to each endocrine pathway was intended to reduce the limitations of each individual assay and to provide confidence in the hypothesized mode of action (U.S. EPA 2011).
Results of the Tier 1 screening battery were considered with other scientifically relevant information (OSRI; e.g., guideline studies submitted to the U.S. EPA in the pesticide registration process, research published in peer-reviewed literature; https://www.epa. gov/endocrine-disruption/status-endocrine-disruptor-screeningprogram-other-scientifically-relevant) to determine the weight of evidence (WoE) supporting a chemical's potential endocrine activity. Criteria considered in WoE evaluations were described in a guidance document (U.S. EPA 2011) and included consideration of the nature of effects within and across studies and their biological plausibility, consistency of biological effects observed within and among species/sexes both within Tier 1 assays and OSRI, and if effects occurred in the absence of systemic toxicity. Integrating data from multiple studies conducted at various levels of biological organization to arrive at a determination of "potential endocrine activity" (or the absence thereof) can present a challenge for interpretation. To facilitate the collective interpretation of multiple studies, EDSP Tier 1 screening data were conceptually organized around hypothesized modes of action (e.g., altered receptor signaling, altered hormone synthesis, altered neuroendocrine axis function) in "estrogenic," "antiestrogenic," "androgenic," "antiandrogenic," and "thyroid-active" pathways (EDSTAC 1998; U.S. EPA 2011).
For chemicals determined to have potential endocrine activity, four longer-term, Tier 2 tests conducted in mammals, fish, amphibians, and birds may be requested to characterize doseresponse relationships and adverse effects. Tier 2 tests include apical end points necessary for risk assessment that are regulated by endocrine and nonendocrine biological pathways, such as changes in growth, development, and reproduction ( Figure 1) . Together, the EDSP screening and testing strategy links mechanistic data to apical end points and is a unique regulatory program designed around a toxicological mode of action framework (EDSTAC 1998; U.S. EPA 2011).
The EDSP chemical universe comprises approximately 10,000 unique chemicals, including pesticide active and nonpesticide inert ingredients, as well as a large number of contaminants known or anticipated to occur in drinking water, such as industrial chemicals, pharmaceuticals, and disinfection byproducts (U.S. EPA 2012). The chemical domain includes both datarich chemicals subject to substantial in vivo testing prior to use (e.g., pesticide active ingredients) and data-poor chemicals with limited toxicological or use information (e.g., nonpesticide industrial chemicals). The first Tier 1 test orders for 58 pesticide active and 9 pesticide inert ingredients were issued in 2009 (U.S. EPA 2009). The manufacturers of eight active and seven inert chemicals voluntarily opted out of the pesticide market, and data for the remaining 52 "List 1 chemicals" were submitted to the U.S. EPA. The resulting WoE determinations of potential endocrine activity and identification of additional data needed to definitively determine chemical effects were finalized in 2015 (U.S. EPA 2015a). A second list of 107 chemicals was published in 2013 (https://www.epa.gov/endocrine-disruption/overview-second-listchemicals-tier-1-screening-under-endocrine-disruptor), but test orders have yet to be issued. Based on the timeline to date, screening all chemicals in the EDSP universe using the EDSP Tier 1 battery would require decades, many millions of dollars, and large numbers of laboratory test animals. Alternatively, the availability of in vitro high-throughput screening (HTS) and computational data for thousands of chemicals provides an information source to more efficiently prioritize chemicals for further evaluation based on indications of potential endocrine activity and may make list-driven screening of relatively few chemicals obsolete.
Use of HTS and Computational Toxicology Tools in the EDSP
When the EDSP was initially conceived in 1998, in vitro HTS assays were proposed as an initial method of providing Figure 1 . U.S. EPA Endocrine Disruptor Screening Program (EDSP) battery of 11 Tier 1 screening assays for activity and Tier 2 tests for identifying doseresponse relationships and adverse effects a . Screening and testing data are interpreted for each endocrine pathway, although intact animal in vivo responses may involve multiple end points and pathways. Levels of biological complexity from molecular interactions through to populations are represented by the Tier 1 and Tier 2 screens and tests, consistent with an adverse outcome pathway (AOP) framework. A+, androgenic; A-, antiandrogenic; E+, estrogenic; E-, antiestrogenic; HPT axis, hypothalamic-pituitary-thyroid axis. For more detail about specific test methods and protocols, refer to EDSP test guidelines (https://www. epa.gov/test-guidelines-pesticides-and-toxic-substances/series-890-endocrine-disruptor-screening-program). a EPA test guidelines harmonized through the OECD. mechanistic data and prioritizing chemicals for further screening (EDSTAC 1998) . At the time, the availability and reliability of commercial in vitro assays were limited. In the subsequent years, major technological advances have produced abundant HTS tools with applications for toxicity testing. Federal programs such as the Tox21 collaboration (http://www.ncats.nih.gov/tox21) and the U.S. EPA's ToxCast™ program (http://www2.epa.gov/chemicalresearch/toxicity-forecasting) use in vitro HTS assays to screen thousands of chemicals across hundreds of molecular targets and include assays relevant to estrogen, androgen, and thyroid pathway signaling.
These HTS tools have clear utility in the EDSP program, can increase the rate of chemical screening, and can identify chemicals likely to be the most biologically active in humans and wildlife. Consequently, the EDSP is now incorporating HTS data in the endocrine screening and testing framework (Browne et al. 2015; U.S. EPA 2015b) . Integrating the results of highthroughput mechanistic data with the Tier 1 screening battery and other relevant information is aided by both the data organization framework for WoE screening evaluations and the EDSP's design around hypothesized endocrine modes of action.
Toxicity Pathways and Adverse Outcome Pathways
Toxicity pathways, as described in the National Research Council (NRC) report Toxicity Testing in the 21st Century (NRC 2007) , are cellular response pathways that when sufficiently perturbed result in adverse health effects but do not necessarily include a molecular initiating event (MIE) or an adverse outcome (OECD 2012) . Adverse outcome pathways (AOPs) represent an evolution of the toxicity pathway concept and describe a framework for linking the mechanism of chemical interaction with the apical end points used for risk assessment and regulatory decision making (Ankley et al. 2010) . The concepts underlying toxicity pathways and AOPs are not new, and similar approaches for relating mechanistic interactions to downstream biological events have been described in constructs such as "mechanisms of action" and "modes of action." Although these concepts share similarities, the various terms have contributed to substantial diversity in definitions of and components included in toxicity pathways (Whelan and Andersen 2013) . Recent efforts have attempted to avoid similar confusion by developing precise vocabulary and by defining criteria for evaluating candidate AOPs (Villeneuve et al. 2014a) .
AOPs begin with an MIE and culminate in an adverse outcome linked by a series of biologically plausible and measurable intermediate key events at increasingly complex levels of biology from molecular responses to cellular and organ system perturbations. Relationships between key events may be causal, inferential, or putative and may be based on in vitro, in vivo, or computational data. AOPs were initially developed for ecotoxicology, in which an adverse outcome in an individual can be plausibly linked to population-level effects (Ankley et al. 2010; Kramer et al. 2011 ). More recently, AOPs have been adopted for human health assessment, in which case adversity is considered a detrimental effect observed in the individual (Patlewicz et al. 2015) . For the purposes of this discussion, we will consider "toxicity pathways" to be a part of one or more potential AOPs (Figure 2 ). Although both toxicity pathways and AOPs are simplifications of complex biological processes, they provide systematic organizing frameworks to link mechanistic information to data collected over different biological scales and evaluate underlying biology knowledge (or gaps therein). It should be noted that AOPs are primarily tools for characterizing hazard. A variety of factors play a role in the exposure-to-outcome continuum that may alter the biological effects of a chemical. Pharmacokinetic studies and in silico models can improve predictivity by linking exposure to the toxicological effect (Teeguarden et al. 2016 ), but in both cases, these are considered outside of the scope of AOPs (NAS 2017) .
To support AOP development and foster collaboration and coordination among an international community, an AOP Knowledge Base was developed by the OECD, the U.S. EPA, the U.S. Army Corps of Engineers, the European Commission Joint Research Centre, and other partners (http://aopkb.org/). In addition to functioning as a repository of AOP information, the AOP Knowledge Base is also expected to promote collective participation of a broader scientific and regulatory community in AOP development, evaluation, exploration, and application. Once an AOP is described, the empirical evidence and the strength of predictive relationships between key events and adverse outcomes can be evaluated using modified Bradford-Hill criteria to assess the strength of the experimental methods and the biological relevance of the observed responses (Vinken 2013; Villeneuve et al. 2014b; Becker et al. 2015 ; http://www.oecd.org/chemicalsafety/testing/adverseoutcome-pathways-molecular-screening-and-toxicogenomics.htm).
A single MIE (e.g., a ligand binding to the estrogen receptor) may be associated with many separate AOPs, and similarly, an adverse outcome (e.g., reduced fecundity) may result from the perturbations in any one of many separate pathways. The number and specificity of intermediate key events included and the acceptable level of uncertainty in the AOP may vary with the intended application. Development of detailed individual AOPs may provide valuable insights into underlying toxicological and physiological processes, but such fine-scale consideration of biological pathways is not always needed in regulatory science. To better simulate the complexity of biological systems and for application to chemical regulation, multiple AOPs can be used to build AOP networks that better approximate biology (Villeneuve et al. 2014a) . AOP networks integrate several MIEs or adverse outcomes, or both, that share at least one common element (Knapen et al. 2015; Villeneuve et al. 2014b) . Networks that share intermediate key events can identify points of biological convergence common to more than one pathway.
Objectives
This paper discusses potential applications of AOPs and toxicity pathways to endocrine screening and testing as an organizational tool for integrating HTS assays and computational toxicology with traditional guideline toxicological studies used for making regulatory decisions. Specifically, we describe the application of these tools to organize endocrine data for WoE evaluations of a chemical's endocrine activity potential. Because WoE considers end points that are not measured in the same assay, identifying plausible linkages of an endocrine mode of action to downstream effects is needed to identify chemicals as endocrine disruptors and to examine the consistency of biological responses across independent studies. AOPs and toxicity pathways can help to elucidate the taxonomic conservation of endocrine responses, and thus the relevance of mammalian toxicology data (for human health safety assessment), to ecotoxicology in nonmammalian wildlife and vice versa. Using this same organizational framework, we can evaluate the ability of computational tools measuring an MIE or a key event to predict downstream effects and to examine the utility of pathway frameworks for developing integrative approaches for endocrine testing. We also discuss potential applications of AOPs for future endocrine testing strategies. Although the endocrine AOPs discussed herein do not include all key events and may characterize complex AOP networks with extremely simplified biology, they represent the end points that are available for regulatory decision making in the U.S. EPA's EDSP. Organizing data using an AOP framework, regardless of how simplified it may be, helps to examine the consistency of responses across independent assays and to build confidence around the hypothesized endocrine mode of action.
The EDSP evaluates the potential of environmental chemicals to interact with the estrogen, androgen, and thyroid systems, and it has a narrower toxicological focus than other U.S. EPA programs. This limited toxicological domain was used to demonstrate how innovative 21st century toxicology tools could be used in a regulatory context (Rotroff et al. 2013; Reif et al. 2010) , and the endocrine program was an early adopter of these approaches (Browne et al. 2015 ; U.S. EPA 2015b). Other offices in the U.S. EPA including the Office of Pesticide Programs (LaLone et al. 2017; LaLone et al. 2013 ; https://www.epa.gov/pesticide-scienceand-assessing-pesticide-risks/strategic-vision-adopting-21st-centuryscience), the Office of Pollution Prevention and Toxics (https:// www.epa.gov/tsca-screening-tools), and the National Center for Environmental Assessment (Makris et al. 2016 ; U.S. EPA 2015c) are now considering toxicity pathway and AOP approaches for incorporating new technology in chemical hazard identification.
Current Applications of Pathway Frameworks in the EDSP

Organizing Frameworks
The two-tiered approach used by the EDSP to evaluate the potential effects of environmental chemicals assumes underlying biological links between end points measured in different assays. Although the representation is overly simplistic because some in vivo assays include end points that account for responses at multiple levels of biological complexity, EDSP assay end points can be mapped to a generic AOP for each endocrine pathway evaluated by the program (Figure 1 ). Tier 1 in vitro screening assays measure possible endocrine MIEs and capture early cellular responses, whereas short-term Tier 1 in vivo bioassays provide whole-organism and organ system responses to chemical exposures. The Tier 1 screening battery is intended to show the potential for endocrine activity rather than to represent conclusive evidence of potential adverse outcomes (Figures 1 and 2 ). For this reason, the Tier 1 screening assays can be interpreted in endocrine toxicity pathways rather than in AOPs because these assays are not designed to measure long-term adverse responses in individuals or in populations. In contrast, Tier 2 assays include apical end points, such as impaired growth or reproduction at individual and population levels, but they do not include mechanistic data and are typically sensitive to more than one mode of action. As a result, there are no assurances that endocrine activity determined from screening assays causes an apical response measured in longer-term studies (Coady et al. 2017 ). However, AOPs provide a systematic approach for organizing available information and supporting inferential links between mechanisms and adverse effects (Wittwehr et al. 2017) , and they help to create plausible, causal links between data derived from varied sources.
As mentioned above, the amendments to the FFDCA and the SDWA specifically mandate that the U.S. EPA examine effects of environmental chemicals as potential estrogen agonists, and for this reason, both EDSP assays and endocrine HTS assays have more coverage of the estrogen pathway than they have of other pathways considered by the U.S. EPA's endocrine program. When estrogen-relevant end points measured in EDSP Tier 1 and Tier 2 assays are organized in an AOP framework (Figures 3 and  4) , the resulting AOP does not include all intermediate key events. Despite the missing components, organizing the end points in an AOP of "estrogenic responses" allows one to determine the consistency of the response within an assay and across multiple assays and contributes to the WoE (or the lack thereof) that the observed responses are due to chemicals interacting with the estrogen system. For example, an estrogen agonist MIE, as measured by in vitro estrogen receptor (ER) binding and estrogen receptor transactivation (ERTA) assays, can support a plausible mechanism for an observed increase in uterine weight of immature or ovariectomized female rats following chemical exposure and is assumed to be primarily mediated through ERa genomic signaling linked to cell proliferation and increased water imbibition ( Figure 3 ). This endocrine mechanism may be further supported by changes in the weight and histology of reproductive organs, altered estrous cyclicity, and changes in the onset of reproductive maturity measured in the female rat pubertal assay. Results of the Tier 2 extended one-generation reproductive toxicity study (EOGRTS) in rodents may contribute additional support for a chemical's hypothesized estrogen agonist activity if chemical exposure is associated with altered organ-, organ system-, and organism-level responses (Figure 3 ). Although this is not a complete AOP in the sense that all key events are not clearly delineated, this more generalized approach to an AOP includes the end points that are currently included in the U.S. EPA's screening and testing program, and these are the data used for regulatory decision making to evaluate the potential estrogen agonist activity of a chemical.
A similar approach can be adopted using AOP frameworks to make biological linkages between screening and testing responses in an ecotoxicological context. Tier 1 mechanistic screening data can be linked to various end points in the fish short-term reproduction assay (FSTRA) and to apical responses in the Tier 2 Medaka extended one-generation reproduction test (MEOGRT) (Figure 4) . A chemical binding and activating the ER may be linked to adverse effects such as reduced fertility and fecundity as well as declining population trajectories (Groh et al. 2015; Ankley et al. 2010) . Similar to the manner in which Figure 3 indicates plausible relationships between mammalian end points, Figure 4 does not identify every key event in the estrogen agonist Figure 2 . Adverse outcome pathways (AOPs) begin with a molecular interaction serving as a molecular initiating event (MIE), leading to a series of key events and eventually to an adverse outcome at the organismal level for human health, and at the population level for ecotoxicology assessments. Toxicity pathways can be considered part of an AOP, including plausibly linked molecular interactions and key events, but may not include an adverse outcome.
AOP for teleost fish, but it organizes end points that are currently used to make regulatory decisions about the potential estrogenicity of chemicals in a biologically grounded framework that supports interpretation of the screening and testing assays.
Although the effects of estrogen agonists in mammals and in fish differ, the ERa and the concomitant signaling pathway are highly conserved in vertebrates (Ankley et al. 2016) , and both the rodent and fish assays were included in the EDSP screening battery to provide information on endocrine effects in all vertebrates (Figure 1) . The U.S. EPA's guidance for WoE describes key lines of inquiry including agreement of outcomes within an individual assay (i.e., "complementarity") and among the different assays in the battery (i.e., "redundancy"; U.S. EPA 2011). Taken together, the use of AOPs and toxicity pathways to organize end points measured in EDSP guideline tests allows one to consider the effects across multiple AOPs linked to the same MIE (as in Figure 1 ), helps to identify both complementarity and redundancy among assay data, aids in the interpretation of results from varied study types, and builds plausible links between mechanistic and apical responses LaLone et al. 2013 ). In addition, organizing EDSP assays and end points along an AOP framework can aid in understanding temporal relationships between key events and potential transient effects that may not necessarily lead to an adverse response .
Systematic organization of data in AOPs and pathway frameworks also facilitates the inclusion of data from sources other than EDSP guidelines that can help to bridge gaps by providing information on intermediate key events not measured in Tier 1 and Tier 2 assays, further increasing confidence in an endocrine model of action leading to an adverse outcome. The EDSP now considers HTS data in the endocrine screening and testing Figure 3 . EDSP Tier 1 and Tier 2 end points relevant to the female mammalian estrogen agonist signaling pathway can be organized using an adverse outcome pathway (AOP) framework. Estrogen receptor (ER) binding and activation [i.e., the molecular initiating event (MIE)] can be linked to several related key events from EDSP Tier 1 and Tier 2 assays, leading to an adverse outcome (e.g., altered development). It should be noted that in this example, the AOP only includes regulatory end points included in U.S. EPA test guidelines used to evaluate the potential endocrine activity of environmental chemicals. EOGRTS, extended one-generation reproductive toxicity study; ERTA, estrogen receptor transactivation; VO, vaginal opening. framework (U.S. EPA 2015b). As discussed above, when conceived in the late 1990s, the intention was to include HTS data in endocrine screening, and with the recent availability of HTS assay data from programs such as ToxCast™ and Tox21, MIEs and early key events for thousands of chemical structures can be elucidated. These data may contribute to the WoE or, in some instances, may obviate requirements for EDSP assays (Browne et al. 2015) .
The ToxCast™ and Tox21 programs generate in vitro data that include end points covered in the EDSP Tier 1 screening battery. In some cases, these assays perform as well as or better than their low-throughput in vitro Tier 1 counterparts and cost substantially less; furthermore, the HTS test systems have the capacity to screen thousands of chemicals every year (e.g., Kleinstreuer et al. 2016b; Browne et al. 2015; Judson et al. 2015) . In addition, the ToxCast™ and Tox21 HTS assays include endocrine targets that are not currently part of the EDSP screening and can expand the data used to evaluate potential endocrine effects of environmental chemicals (e.g., Filer et al. 2014 , Reif et al. 2010 . For example, when the Tier 1 battery was developed, reliable in vitro assays relevant to the thyroid hormone pathway were not identified. In vitro thyroid hormone receptor assays are now available, and several other thyroid pathway in vitro assays are now under development (Hallinger et al. 2017; Paul Friedman et al. 2016; OECD 2014) . Mechanistic HTS data may replace current Tier 1 in vitro end points, expand the understanding of how chemicals interact with the endocrine system by providing information on additional molecular targets, increase the speed and efficacy of environmental chemical hazard evaluation, and aid in predicting the outcome of whole-animal assays when integrated with other evidence. AOPs provide a roadmap for evaluating these HTS data with traditional in vivo toxicology end points and for examining the performance of high-throughput assays relative to lowthroughput analogs.
Predictive Model Building
When the concept of AOPs was initially proposed by Ankley et al. (2010) , the authors noted the potential application of AOP frameworks for integrating mechanistic data with conventional animal-based studies to build predictive models. To be considered credible for use in regulatory decision making, predictive models must be built on a sound mechanistic foundation of the toxicological process (Wittwehr et al. 2017 ). This requirement is consistent with the underpinnings of the AOP conceptual framework and the reliance on defined relationships between an MIE and downstream key events, relationships that have been well established for the estrogen, androgen, and thyroid pathways. The interest in applying AOPs to regulatory scenarios and the coincident availability of HTS tools can promote a shift in chemical safety assessments from direct observations of chemical effects in animals to predictive models based on an understanding derived from mechanistic data from thousands of chemicals.
Alternative approaches/validation. Tens of thousands of registered chemicals must be screened for effects on human health and wildlife, and thousands of new chemicals are being developed every year. For all intents and purposes, chemical safety screening and the associated regulatory decision making continue to be dominated by mammalian-based in vivo testing, typically in a rodent model. The expense and time of continued reliance on animal testing is not a practical approach for effective safety screening, and new tactics are needed to close the gap between the number of chemicals in use and the number of chemicals assessed to date. Using computational and high-throughput screening alternatives to traditional toxicological methods requires that new methods are appropriately interrogated to establish the soundness of the data produced (i.e., validation). One objective of traditional validation studies is to demonstrate method transferability, ensuring that any naïve lab can conduct the test and achieve satisfactory results (OECD 2005) . Even for relatively simple in vitro test methods, interlaboratory "ring trials" may take years to complete and rely on relatively few chemicals. This aspect of validation is often not appropriate for HTS methods because assays are developed and conducted in one of only a few suitably equipped laboratories; thus, method transfer may not be a consideration.
High-throughput methods are amenable to a performancebased approach to validation, which determines the performance of proposed methods against a set of reference chemicals that are active (or inactive) over a range of potencies. For each molecular target, candidate reference chemicals can be identified and ideally are independent of the specific assay method used to identify the chemical activity. For example, active/inactive reference estrogen agonists may be identified from ER binding, ER transactivation, cell proliferation, or ER cofactor recruitment assays. Chemicals that are active in more than one type of assay can more reliably be considered "reference chemicals" for a biological effect and will reduce the possibility of including erroneous "reference" chemicals that interfere with the specific assay technology (e.g., chemophores, cytotoxic chemicals, assay interferences) rather than interact directly with the molecular target. High-throughput methods are uniquely suited for performance-based validation because the applicability domain and performance of the assay can be defined for a relatively large set of structurally diverse reference chemicals that span a wide range of potencies. For models with demonstrated performance against a large and robust set of reference chemicals, poor performance may also be informative. As relationships between endocrine mechanisms and downstream key events become better understood, poor prediction of a sequence of biological events may indicate chemical classes that are acting through other modes of action or are not adequately addressed by existing assays.
Simple predictive model: ER agonism. The ToxCast™ and Tox21 programs include high-throughput analogs of Tier 1 in vitro ER assays (e.g., ER-binding and ER transactivation assays) in addition to other HTS assays that measure ER signaling using a variety of different assay technologies and cell types. Concentration-response data from 18 ER HTS assays were integrated into an ER model, the output of which provides a score of potential ER agonist and antagonist activity, chemical potency, and a measure of assay-specific false positive activity of each chemical run in ToxCast™ . The variety of assay technologies and the redundancy of the 18 ER assays represent substantial benefits compared with the two Tier 1 EDSP in vitro ER assays.
To examine the performance of the ER model relative to the existing Tier 1 ER assays, the model scores were determined for in vitro ER reference chemicals identified by the Interagency Coordinating Committee on the Validation of Alternative Test Methods (ICCVAM; http://ntp.niehs.nih.gov/pubhealth/evalatm/ iccvam/test-method-evaluations/endocrine-disruptors/in-vitro-assayreview/brd/index.html) and OECD (2012) for the express purpose of validating novel in vitro assays. Forty ER agonist reference chemicals with reproducible in vitro assay results included 28 agonists of differing potencies indicated by a range in halfmaximal activity concentration (AC 50 values and 12 inactive chemicals . The consensus list of reference chemicals was independent of assay type and for this reason, more likely to be "true," biologically relevant reference chemicals. The ER model predicted the activity of in vitro reference Environmental Health Perspectives 096001-6 chemicals with an overall accuracy of 93% and a false-negative rate of 7% (Browne et al. 2015) . The ability of the ER model to predict chemicals that were active/inactive in the in vivo rodent uterotrophic assay was also evaluated. Chemicals that act as in vivo estrogen agonists were identified from a systematic review of uterotrophic studies published in scientific journals, and those that were methodologically consistent with the EDSP Tier 1 guideline were regarded as "guideline-like" (Kleinstreuer et al. 2016a ). Guideline-like uterotrophic studies were identified for 103 chemicals, and experimental details including chemical, dose, and uterine weight were extracted into a database (http://ntp.niehs.nih.gov/pubhealth/evalatm/tox21-support/endocrine-disruptors/edhts.html). Of the 103 chemicals with guideline-like studies, 43 chemicals had consistent ER agonist activities indicated by increased uterine weight (or a lack thereof) in two or more independent studies and were considered in vivo reference chemicals (Browne et al. 2015) . The in vivo reference chemicals were then used to evaluate the ER model predictions of the in vivo response. Again, the ER model performance was excellent against in vivo reference chemicals, with an accuracy of 86% and a false-negative rate of 3% (Browne et al. 2015) .
Based on the performance of the ER model against the 40 in vitro reference chemicals and 43 of the in vivo ER agonist reference chemicals (65 unique chemicals), the U.S. EPA published a Federal Register Notice stating the intention of the agency to accept computational tools and predictive models as alternative data for the current EDSP Tier 1 ER binding, ERTA, and rodent uterotrophic screening assays (U.S. EPA 2015b). The performancebased validation approach used to evaluate the ER model predictions against both in vitro and in vivo assays relies on presumptive relationships between the MIE (i.e., ER binding) and changes at the cellular (i.e., ERTA) and organ (i.e., change in uterine weight; Figure 5 ) levels consistent with the organization and interpretation of the EDSP Tier 1 screening battery data.
In addition to 18 ER assays, ToxCast™ and Tox21 include high-throughput alternatives to all EDSP Tier 1 in vitro assays. A similar model for androgen receptor (AR) interactions was developed based on 11 in vitro HTS assays, and AR model accuracy and precision were >95% against agonist and antagonist reference chemicals (Kleinstreuer et al. 2016b ). The Tier 1 in vitro assays (ER, AR, aromatase inhibition, and steroidogenesis) can each be possible MIEs for endocrine-active chemicals or early key events altered in toxicity pathways (Figure 1 ). Efforts are presently underway to identify reference chemicals for each remaining MIE and to evaluate the performance of the HTS assays and compare results for chemicals run in high-throughput assays with corresponding low-throughput EDSP Tier 1 in vitro assays. The expectation is that HTS data will provide a suitable alternative for existing Tier 1 in vitro assays and, as in the uterotrophic assay example, may predict downstream in vivo key events.
Complex Predictive Models. High-throughput nonanimal alternative methods can be used to rapidly screen thousands of chemicals and are poised to be critical tools in modernizing chemical safety evaluation. However, most available highthroughput methods measure a specific mechanism or key event and are therefore incapable of recapitulating all possible physiological responses in an animal (Coady et al. 2017) . Rather than predicting the full spectrum of possible in vivo responses, a more attainable near-term goal may be to predict the specific in vivo end points that inform chemical regulatory decisions.
AOP frameworks can help to reduce the overwhelming complexity of animal physiology to isolate end points evaluated in regulatory decision making, can determine how well alternative methods predict in vivo apical responses, and can be used to develop integrated testing strategies (OECD 2017). Integrated testing strategies can be used for interim determinations of testing needs, can help to determine the specific data required to arrive at regulatory conclusions, and may include rule-based decisions directing progressively higher tiered testing (Vinken 2013; . Ideally, testing strategies are developed around an understanding of mechanisms of toxicity and the sequelae of downstream responses (Tollefsen et al. 2014 ) and can integrate results derived from a combination of methods (e.g., in silico, in vitro, in vivo approaches; OECD 2017). As discussed previously, to be useful for regulatory decision making, these AOPs do not have to exhaustively cover all key events from MIE to adverse outcome, nor are the end points considered in EDSP Tier 1 screening assays or in other standardized methods used to inform regulatory decisions.
The EDSP approach for screening and testing chemicals for potential disruption is a testing strategy built around pathway frameworks. For example, WoE evaluations of List 1 Tier 1 screening were used to direct Tier 2 testing requirements (https:// www.epa.gov/endocrine-disruption/endocrine-disruptor-screeningprogram-edsp-tier-1-assessments). Data from the ToxCast™ ER model are now used to direct additional screening and testing requirements for the estrogen agonist pathway, and as additional Figure 5 . Validation of an estrogen receptor (ER) agonism toxicity pathway model based on ToxCast™/Tox21 high-throughput screening (HTS) data requires a robust set of reference chemicals for the relevant molecular initiating event (MIE) and key events (Browne et al. 2015) . Figure 6 . Adverse outcome pathway (AOP) networks for estrogenicity and antiestrogenicity in (A) mammals and (B) fish based on integrated estrogen receptor (ER) agonist and steroidogenesis modeling outputs along with Endocrine Disruptor Screening Program (EDSP) Tier 1 and Tier 2 assays. Additional modeling may be integrated into the AOP network to further refine the model and toxicity pathway/AOP linkages. CYP11a, cytochrome P450 11a (cholesterol sidechange cleavage protein); CYP17, cytochrome P450 17 (e.g., 17a-hydroxylase); E2, 17b-estradiol; EOGRTS, extended one-generation reproductive toxicity study; FSTRA, fish short-term reproductive assay; MEOGRT, Medaka extended one-generation reproductive test; StAR, steroidogenic acute regulatory protein; VO, vaginal opening; VTG, vitellogenin. Table 1 . U.S. EPA Endocrine Disruptor Screening Program (EDSP) tier 1 screening battery assays and tier 2 testing assays, high-throughput screening (HTS) assays, and predictive model alternatives (U.S. EPA, 2015a; Kleinstreuer et al. 2016b alternative methods are integrated in screening other endocrine pathways, the results from these approaches are expected to influence additional screening and testing requirements. Developing alternative methods for predicting apical in vivo responses to environmental chemicals will likely evolve from multiple predictive models that can be integrated in increasingly complex approaches to model organismal responses. For example, using alternative methods to predict endocrine effects of chemicals that alter reproductive development in the rat female pubertal assay will likely necessitate the development of models for estrogen, steroidogenesis, and thyroid pathway effects (Table 1; Figure 6 ). These more simple predictive models can be validated separately against an appropriate set of reference chemicals for in vitro and in vivo responses, and then models can be considered together in an integrated testing strategy to predict key event end points (e.g., OECD 2016) and complex biological responses (Joworska and Hoffmann 2010) . AOPs and AOP networks provide a systematic approach for interpreting the biological relevance of alternative methods, evaluating the utility of these methods for making regulatory decisions, identifying additional data needs, and determining under what circumstances increasingly resourceintensive assays might be needed to reduce uncertainty in chemical safety assessments (Allen et al. 2014; Tollefsen et al. 2014; Burden et al. 2015; Patlewicz et al. 2015; .
As more data become available for retrospective analyses, AOPs will continue to be used to build predictive models and can include quantitative AOPs to predict the magnitude of downstream effects and provide dose-response relationships (Villeneuve et al. 2014a) . Quantitative AOPs require a detailed understanding of not only the key events in the AOP but also the temporality and magnitude of the key event relationships, and for this reason, they may take years to develop and validate. Once developed, quantitative AOPs can provide alternatives to the model organism or population responses currently needed for risk assessment (Groh et al. 2015) , and quantitative predictions determined for a specific chemical can be extrapolated to chemicals with shared modes of action (e.g., Conolly et al. 2017) , which may substantiate the resource investment for critical regulatory end points or susceptible wildlife populations.
Moreover, AOP networks can be used to define chemical categories and to indicate points of convergence in biological targets in multiple pathways for which assays could be designed. Points of convergence or common biological targets in AOP networks may be considered "tipping points" or candidate biomarkers. Broadly defined, biomarkers are measurable biological responses (cellular, biochemical, physiological) of a cell or organism that can be used to monitor exposure to and effects of a chemical (Biomarkers Definitions Working Group 2001; Robb et al. 2016 ). In the EDSP, for example, changes in vitellogenin (VTG) mRNA and protein levels that lead to potential declines in reproductive success and population trajectories have been used as biomarkers of chemical-related estrogenic activity in oviparous vertebrates. Similarly, chemically induced changes in levels of circulating hormone and histopathological measurements in rodents and other taxa may serve as biomarkers indicative of adverse outcomes characterized by altered development and reproductive function (e.g., delayed/accelerated puberty). Identifying tipping points in endocrine AOPs can help distinguish between biological responses that are adaptive (expected to be early events in the AOP) and responses predictive of adversity or toxicity (expected to be downstream in the AOP). With AOP development, validation, and application, new in silico and in vitro methods targeting key events could provide sufficient information for hazard and risk assessments with little to no in vivo testing (e.g., MacKay et al. 2013) .
Although there are many advantages to using AOPs in the EDSP and other regulatory contexts, there are recognized limitations of the AOP framework approach. First, AOPs are chemical-agnostic (Villeneuve et al. 2014a ) and therefore are not directly relevant to the hazard identification of a specific chemical. Nonetheless, one would expect chemicals with the same mode of action to have similar patterns of biological responses across assays; therefore, AOPs can be used in chemical categorization and read-across (OECD 2013 (OECD , 2014 . Further, adverse outcomes may be caused by unknown modes of action that are not targeted in the EDSP screening battery or HTS methods and so may not be captured in a particular data set and AOP. AOPs are highly reductive, and key event relationships may be correlative rather than causal. As a result, there is a possibility that an observed response may be attributed to an endocrine mechanism, when in fact it is due to a different mode of action; this may carry substantial regulatory implications. This possibility is a particular concern for chemical exposures that result in systemic toxicity, which may confound endocrine effects. Efforts have been made to distinguish between nonspecific in vitro activity and the effects of systemic toxicity in EDSP Tier 1 assays (https://www.epa.gov/sites/production/files/2015-06/documents/ 052113minutes.pdf), but care must be taken to consider these effects in endocrine AOP development. An increasingly diverse set of HTS assays provide coverage of nonendocrine pathways. Other in vitro pathway activities, respective potencies, and in vivo data may help to discriminate between mechanisms of toxicity. Additionally, AOP constructs do not always account for compensatory mechanisms or modulating factors that may influence dose-response and apical outcomes. An example of an AOP including the inhibitory feedback of progesterone on estrogenic responses in the uterotrophic assay (Simon et al. 2014 ) has been published, but this is more the exception than the rule for many current AOPs. Thus far, applications of AOP concepts in endocrine screening have mostly focused on using AOPs as a systematic organizing construct and as a way to integrate new toxicological methods in a testing strategy developed 20 y ago. The U.S. EPA has modified the requirements for EDSP Tier 1 battery screening based on the availability of ToxCast™ ER model data, and with growing understanding of underlying biology, the availability of new assay technologies, and appropriate demonstration of the performance of other predictive models, the EDSP Tier 1 screening battery is likely to change to include the evolving science.
Conclusions
The use of toxicity pathways and AOP frameworks offers the potential to improve the understanding and prediction of endocrine disruption. AOPs are an organizing framework for multiple types of disparate data measured at different levels of biological organization and can be used to better evaluate all available data in a WoE evaluation of a chemical's potential endocrine activity or other biological activities relevant to adverse outcomes. In this paper, we have described the use of AOPs built around existing regulatory end points that do not include all key events and thus have gaps in the key events and key event relationships. Nonetheless, pathway frameworks are very useful tools for attributing a general response (e.g., decreased fertility) to a specific endocrine mode of action (e.g., estrogenic signaling in males) or for identifying critical knowledge gaps that prevent determination of a mode of action to a chemical. In these examples, the use of AOPs helps to a) include other data (than end points measured in guideline studies) that may support or refute the putative relationship between the existing end points, b) better evaluate the overall consistency of the responses and the possible alternative modes of action, and c) identify key data gaps that are needed to build plausible relationships between mechanisms and apical responses used for risk assessment.
Pathway frameworks also facilitate the evaluation of alternatives to methods currently in practice and as possible replacements for in vivo animal testing. A pathway-based approach helps establish confidence in the in vitro prediction of in vivo results, identifies data gaps, and guides further research. Improved mechanistic understanding facilitates development of alternative tests, aids extrapolation across species by facilitating comparative analysis of toxicity information across species, and focuses testing on key targets associated with AOPs or AOP networks. In the EDSP context, AOP networks model the interactions between multiple endocrine pathways, identify possible points of convergence, and may identify potential biomarkers around which assays and testing strategies may be developed. Strengthening the linkage between activity and adverse effects in individuals or populations would provide the basis for more meaningful inclusion of endocrine activity data into risk assessments. The U.S. EPA's EDSP is a unique regulatory program that was developed around a mode of action framework and thus is a logical demonstration of how AOP concepts can be used in regulatory science. The EDSP provides examples of how AOP concepts can be used to interpret specific end points from multiple independent guideline studies that may be the only data available for regulatory decision making. In addition, AOPs support the development of alternative and strategic testing methods. In the future, AOPs will likely be used to support increasingly sophisticated models to predict complex in vivo end points that can continue to reduce animal use and can increase the rate and efficacy of chemical screening.
